This study was designed to compare the uptake and distribution of '4C among fructose, glucose, sucrose, and starch in the cob, pedicel, and endosperm tissues of maize (Zea mays L.) kernels induced to abort by high temperature with those that develop normally. Kernels cultured in vitro at 30 and 35°C were transferred to I'4Clsucrose media 10 days after pollination. Kernels cultured at 35°C aborted prior to the onset of linear dry matter accumulation. Significant uptake into the cob, pedicel, and endosperm of radioactivity associated with the soluble and starch fractions of the tissues was detected after 24 hours in culture on labeled media. After 8 days in culture on I14Clsucrose media, 48 and 40% of the radioactivity associated with the cob carbohydrates was found in the reducing sugars at 30 and 35°C, respectively. This indicates that some of the sucrose taken up by the cob tissue was cleaved to fructose and glucose in the cob. Of the total carbohydrates, a higher percentage of label was associated with sucrose and a lower percentage with fructose and glucose in pedicel tissue of kernels cultured at 35°C compared to kernels cultured at 30°C. These results indicate that sucrose was not cleaved to fructose and glucose as rapidly during the unloading process in the pedicel of kernels induced to abort by high temperature. Kernels cultured at 35°C had a much lower proportion of label associated with endosperm starch (29%) than did kernels cultured at 30°C (89%). Kernels cultured at 35°C had a correspondingly higher proportion of "4C in endosperm fructose, glucose, and sucrose. These results indicate that starch synthesis in the endosperm is strongly inhibited in kernels induced to abort by high temperature even though there is an adequate supply of sugar.
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Shimamoto and Nelson (13) showed that detectable amounts of radioactive compounds, including sucrose, were taken up into cob, embryo, and endosperm tissue of kernels and cultured in vitro on radioactive media for 7 d. The uptake and incorporation ofL-[35-S]methionine into endosperm protein fractions ofkernels cultured in vitro has also been studied (3) . Shannon (11) demonstrated that ['4C]sucrose is cleaved to fructose and glucose by acid invertase in the maternal pedicel and placento-chalazal tissue of kernels before being absorbed by the basal endosperm transfer cells. The fructose and glucose is then used to form sucrose in the endosperm which in turn is used to snythesize starch in the amyloplasts (12) .
Our goal was to compare the uptake and distribution of 14C In vitro maize (Zea mays L.) kernel culture has proved to be a useful tool for studying the physiology of kernel growth (1-3, 5, 6, 9, 10). In a previous paper we describe the (9) . Five of the 6 kernels on each cob piece were excised, resulting in a kernel:cob ratio of 1:6. Five kernels were cultured per Petri dish on standard culture media and incubated at 30 or 35°C.
Seven d after culturing, the cob pieces were transferred to Petri dishes containing fresh media modified to 5% (w/v) sucrose (13) . Each Petri dish contained approximately 3.7 x 105 Bq [U-'4C]-sucrose. The labeled sucrose (2.5 x 107 Bq/mM) was filter sterilized and added to cooled media just prior to dispensing 50 ml of media per dish.
Kernel Tissue Extraction and Analysis.Twenty-five kernels from each temperature treatment were removed from the cob tissue after 5 d in culture and at 1, 2, 4, 6, and 24 h and 7 and 14 d after transferring to radioactive media. Kernels were separated into pedicel and endosperm tissue, frozen in liquid N2, and freeze-dried as described previously (5) . In 1981, 4 cob pieces from each treatment were saved and blotted on paper towel to remove any media clinging to the tissue surface before they were freeze-dried. Freeze-dried tissue was weighed and then pulverized in a Wig-L-Bug dental Amalgamator (Crescent Dental Mfg. Co., Lyons, IL) in preparation for soluble sugar extraction and starch quantification.
Three 10 to 25 mg tissue samples were extracted in 5 ml hot (60-65°C) deionized H20 for 2 h and centrifuged at 15OOg for 30 min. One ml of the supernatant was mixed with 14 ml Aquasol-2 scintillation fluid (New England Nuclear) and radioactivity was counted in a Beckman LS 8000 counter. This represented the radioactivity associated with the water soluble fraction. The remaining 4 ml of the soluble fraction were used for fructose, glucose, and sucrose separation and quantification using a Waters HPLC system (Waters Associates, Milford, MA) as described by Hanft and Jones (5). The sugars were detected with an ERC-7510 refractive index detector (Erma Optical Works, Ltd., Tokyo, Japan). Fructose, glucose, and sucrose peaks were collected according to their retention times with a Gilson model 201B fraction collector (Gilson Medical Electronics, Middleton, WI). Fractions were evaporated to dryness, brought back up to 2 ml in deionized H20, mixed with 14 ml Aquasol-2 scintillation fluid, and counted in a Beckman LS 8000 counter.
The starch content in the insoluble pellet from the sugar extraction procedure was quantified by enzyme hydrolysis to glucose (5, 7). The glucose was then quantified by the Nelson reducing sugar test (8) . A 2 ml aliquot was removed from the hydrolysate, mixed with 14 ml Aquasol-2, and radioactivity was counted in the Beckman LS 8000 counter.
All radioactive counts were corrected for counting efficiency, which ranged from 93.06 to 94.01%, and expressed as dpm. The dpm in the sample soluble and starch fractions were determined. To study the distribution of "4C among the carbohydrate fractions, the proportions of "4C in the fructose, glucose, sucrose, and starch fractions of each tissue were calculated by dividing the dpm associated with each fraction by the sum of the dpm in all 4 carbohydrate fractions.
Statistical Analysis. Analyses of variance were performed on dpm/g sample dry weight in the soluble and starch fractions and on 14C% of total carbohydrates in the fructose, glucose, sucrose, and starch fractions. The data for each tissue within each year were analyzed separately. Each data set was analyzed as a completely randomized design with a factorial set of treatments where temperature and sampling time were the main effects. Each mean presented in the tables and graphs represents three replications. Radioactivity in the soluble fraction of cob tissue from nonaborting kernels showed a significant increase beginning 6 h after transfer of cob pieces to labeled media (Table I ). The cob tissue associated with the aborting kernels did not show an increase in radioactivity in the soluble fraction until 24 h on labeled media. There was no detectable increase in radioactivity in the starch (Table I) . Fig. 3 ). Beyond 24 h on labeled media, nonaborting kernels incorporated more than 10 times the amount of radioactivity in the endosperm starch fraction than did the aborting kernels.
RESULTS

Uptake
Distribution of 14C among Cob, Pedicel, and Endosperm Carbohydrates. The distributions of "'C among the four major carbohydrates (Fig. 1) After 24 h in culture at 30°C on labeled media, 31% of the radioactivity was found in the reducing sugars (fructose and glucose), 67% in sucrose, and only 3% in starch (Fig. 1) Significant differences in the distribution of radioactivity among the carbohydrates in the pedicel were also detected ( 2). In 1981, a higher proportion of label was associated with sucrose in the pedicel ofkernels cultured at 35C. This is reflected in the lower percent radioactivity in the fructose and glucose fractions in the pedicel of aborting kernels. Pedicel of kernels cultured at 35°C had a smaller proportion of label in the starch fraction, although this difference was too small to account for the higher proportion of label found in the sucrose. Fewer significant differences in the distribution of radioactivity in pedicel tissue between aborting and nonaborting kernels were detected in 1982 (data not shown); however, the distribution patterns were similar to 1981. As in 1981, kernels cultured at 35°C accumulated more "1C in the sucrose fraction of pedicel tissue than nonaborting kernels. In 1982, significant differences between aborting and nonaborting kernels in "1C distribution among the four carbohydrates in the pedicel tissue were not detected at 14 d on labeled media. As in the cob tissue, a higher proportion of radioactivity was found in fructose than in glucose in the pedicel tissue of both aborting and nonaborting kernels. This was true in both years and at all 3 times after kernels were transferred to the labeled media.
The most striking differences between aborting and nonaborting kernels in the distribution of 14C in the endosperm was in the percent of the label associated with the starch fraction (Fig.  3) The specific radioactivities (soluble + starch dpm/mg sample) of cob, pedicel, and endosperm tissue of kernels cultured at 30°C 77% of field-grown kernels (5, 9, 10) . When all kernels are allowed to remain on the cob piece during in vitro culture, about 60% of the kernels abort, and those that do not, grow to about one-third the mass of mature field-grown kernels (5) . The growth of these kernels seems to be limited by an inadequate assimilate supply (5). Kernels cultured 6/cob piece may be more representative of the kernels cultured by Shimamoto and Nelson (13) 
14C AMONG CARBOHYDRATES OF ABORTING MAIZE KERNELS
will require a higher media specific radioactivity than that used in this study (7.4 x 103 Bq/ml). The radioactivities associated with the soluble fraction of cob tissue from kernels cultured at both temperatures before 24 h of exposure to ["'C]sucrose (Table  I) probably represent the ["'C]sucrose that remained on the surface of the tissue from contact with the media, or that had already diffused into the cob free-space. The higher specific activities ofboth the soluble and starch fractions of the cob tissue from kernels cultured at 35°C for 8 and 14 d on labeled media (Table I) suggests that uptake of assimilates into cob tissue may be stimulated by high temperature.
The experiment reported here was designed to identify steps in the assimilation and utilization of sucrose that may be limiting the growth of maize kernels induced to abort by high temperature. The distributions of 14C in the pedicel and endosperm tissue of kernels cultured at 35°C (Figs. 2 and 3) indicate that aborting kernels have a limited ability to invert sucrose in the pedicel during the unloading process and to synthesize starch in the endosperm.
Shannon (11) and Felker and Shannon (4) showed that ["1C]-sucrose moving into the kernel is cleaved to fructose and glucose in the pedicel and placento-chalaza. Two h after pulse labeling the ear leaf with "'CO2, 80% of the radioactivity was found in the fructose and glucose in the pedicel region of 30-d-old kernels (1 1). We found that after 24 h on labeled media, pedicel tissue of kernels cultured at 30°C had 78% of the radioactivity associated with the carbohydrates in the reducing sugar fraction (Fig.  2) . Figure 2 shows that the pedicel of aborting kernels had a much higher percentage of 14C in the sucrose fraction than did the nonaborting kernels, and that this difference was mostly accounted for by the reduced proportion of label in the fructose and glucose of aborting kernels. This indicates that the sucrose entering the pedicel of aborting kernels was not cleaved to fructose and glucose as rapidly as in normally developing kernels. These data (Fig. 2) support earlier results where kernels cultured in vitro at 35°C had a much higher pedicel sucrose concentration than did kernels cultured at 30°C during the first 10 d in culture (5) . In addition, soluble acid invertase activity in pedicel tissue of aborting kernels is much lower than in the pedicel of nonaborting kernels (5) .
Some of the 14C in the pedicel of kernels cultured at both temperatures may have entered as fructose and glucose since up to 48% of the 14C in the carbohydrates was associated with fructose and glucose in the cob tissue (Table I) . Measurements of invertase activity in the cob tissue are needed to confirm this observed inversion of sucrose in the cob. From these data, however, it is not possible to determine in what form the 14C entered the pedicel. Ifassimilates must be loaded into the phloem for transport into the pedicel, then we can assume that most of the label entering the pedicel was in the form of sucrose since fructose is phloem immobile (14) . If the sugars from the cob tissue entered the pedicel through the apoplast by simple diffusion, then some of the labeled fructose and glucose detected in the pedicel may have come directly from the cob.
The lower percentage of "1C in the starch fraction in the endosperm of kernels cultured at 35°C (Fig. 3) indicates that starch synthesis is strongly inhibited in kernels induced to abort by high temperature. The proportion of label in sucrose was either similar to or greater than in the endosperm of aborting kernels compared to nonaborting kernels, and the percent 14C in endosperm fructose and glucose was always greater in aborting kernels. Since the fructose and glucose entering the endosperm from the pedicel seem to be converted back into sucrose prior to starch synthesis (1 1), the activity of sucrose synthase may have been limited in the aborting kernels. Kernels cultured at 35°C also have elevated soluble sugar concentrations in the endosperm compared to non-aborting kernels (9) . The sugar (fructose + glucose + sucrose) concentration in the endosperm of aborting kernels was generally greater than or equal to the concentration in the endosperm of nonaborting kernels beginning 7 d after pollination (data not shown). The inhibition of starch synthesis was, therefore, probably not caused by a lack of substrate in the endosperm. Shannon (12) suggests that the process of starch synthesis in the endosperm may limit the kernel's potential to reach its maximum mass. The activities of enzymes involved in starch synthesis in the endosperm, such as phosphoglucomutase, ADPG-pyrophosphorylase, and starch synthetase, need to be compared in aborting and nonaborting kernels.
Although high temperature may not be the major cause of kernel abortion under field conditions prevalent in northern latitudes (5) 
